Protein L is a multidomain cell-wall protein isolated from Peptostreptococcus magnus. It belongs to a group of proteins that contain repeated domains that are able to bind to Igs without stimulating an immune response, the most characterized of this group being Protein A (Staphylococcus aureus) and Protein G (Streptococcus). Both of these proteins bind predominantly to the interface of C H 2-C H 3 heavy chains, while Protein L binds exclusively to the V L domain of the κ-chain. The function of these proteins in vivo is not clear but it is thought that they enable the bacteria to evade the host's immune system. Two binding sites for κ-chain on a single Ig-binding domain from Protein L have recently been reported and we give evidence that one site has a 25-55-fold higher affinity for κ-chain than the second site.
Ig-binding proteins are expressed on the cell surface of many Gram-positive pathogenic bacteria and are able to bind to Igs in a non-antigenic manner [1] , thus making them very valuable as diagnostic, therapeutic and preparative tools. The role of these proteins is almost certainly to help the bacteria adhere to wound surfaces and then evade the immune response by allowing host proteins to cover the bacterial cell surface. Two of the first such proteins to be recognized were Protein A, a cell-wall component of Staphylococcus aureus, and Protein G, a protein associated with the cell walls of certain Streptococci (for a review, see [1] ). Both proteins have a high affinity for the interface between the C H 2 and C H 3 domains of IgG-Fc [2] , but although their binding is competitive their interactions are not identical [3] . They also exhibit different levels of binding activity towards the different IgG subclasses and towards IgG from different animal species. More recently, attention has turned to a third type of Ig-binding protein. Protein L, expressed at the surface of approx. 10% of Peptostreptococcus magnus isolates (strains 312 and 3316), is an elongated molecule which has been shown to bind to the framework regions of the variable domain of κ light chains from any class of Ig [4] . Although it binds close to the antigen-binding site, this interaction does not affect the antigen-Ig interaction.
One common feature of Proteins A, G and L is that they all possess multiple copies of Ig-binding domains, each containing approx. 60-70 residues. Within each protein these domains are highly conserved, although some sequence differences exist that give rise to a range of binding affinities that causes Igs to be eluted from affinity columns in nonsymmetrical peaks. Furthermore, the interactions are so strong that the pH at which the elution occurs is very low Key words: dissociation constant, immunoglobulin, mutant, sequence. 1 To whom correspondence should be addressed (e-mail m.g.gore@soton.ac.uk).
and thus these native proteins are not ideal ligands for affinity purification.
The structures of single Ig-binding domains from Protein A (SpA), Protein G (SpG) and Protein L (PpL) and their complexes have been obtained by X-ray crystallographic and NMR studies [5] [6] [7] [8] [9] . These have shown that, although SpA and SpG compete for similar binding sites on Fc, they have very different secondary structures. SpA consists of three α-helices [10] whereas SpG consists of two pairs of antiparallel β-sheets connected by a single α-helix [11] [12] [13] [14] . Helices 1 and 2 of SpA bind to Fc primarily via hydrophobic interactions and the interaction is further stabilized by four hydrogen bonds between the molecules [10] . SpG binds to Fc via interactions made by some residues on the helix and the loop region linking this to β-strand 3 [3, 10] . In comparison with their strong Fc-binding ability, weak Fab binding has been observed for both proteins. Whereas SpA utilizes interactions between helices 2 and 3 to bind to a group of Igs encoded by the human V HIII gene family [15] , SpG offers interactions from β-strand 2 to bind weakly to the C H1 domain of Fab [6] . Despite their limited binding properties, such Ig-binding proteins have found worldwide use in the purification of antibodies, in immunoassays and in some therapies (to remove immune complexes from serum to minimize autoimmune disease and renal transplant rejection [16] [17] [18] [19] [20] ).
PpL has a structure similar to that of SpG despite little sequence identity [21] , the predominant difference being a shorter loop between β-strand 3 and the helix, which results in the angle of the α-helix to the β-sheet being 10% instead of the 40% seen in SpG. It is interesting that the loop region in SpG is responsible for Fc binding and therefore the shorter loop in PpL may well account for the inability of PpL to bind to Fc. Since the interaction between Protein L and Ig is with the light chain, there is no Ig-class restriction to its binding properties. It therefore offers the potential of 
The emboldened residues in the sequence of PpL from strain 312 are those shown by NMR studies to have major chemical shifts when in complex [4] . Those emboldened residues in the sequence of PpL from strain 3316 are those key residues that have been shown by X-ray crystallographic studies [26] to interact with human Fab at the classical site (green) and the non-classical site (magenta). Note that Arg-52 has been implicated in binding at both sites. The numbering used is that described in [29, 30] for strains 312 and 3316 respectively. being a universal Ig ligand. It also binds to scFv fragments which are comprised of V H and the V L domains linked by a short flexible peptide and contain an effective antigen-binding site. Their much-reduced size facilitates tissue penetration and minimizes immune response by the recipient and are therefore of current interest for immune therapy.
The two strains of P. magnus (312 and 3316) produce slightly different Protein L molecules. Strain 312 produces Protein L that contains five highly homologous Ig-binding domains [22] , whereas strain 3316 produces a protein with four Ig-binding domains [23] . NMR studies [21, 24, 25] have shown that a domain from strain 312 interacts with the framework region of κ chains but no precise details of the contacts were obtained. The binding interaction elucidated by the NMR studies has been termed the 'classical binding interaction' [26] because of its similarity to the interaction between Protein G and the C H 1 domain of Fab [8] (Figure 1 ).
X-ray crystallographic studies [26, 27] have recently determined the structure of PpL3316 in complexes with human and murine Fabs. In contrast with previous studies, these showed that two Fabs are able to bind to a single PpL domain. The previously observed (classical) binding surface of PpL is large, involving 12 residues mainly from its β-strand 2 and the α-helix. Approx. 650 Å 2 of the surface area of each partner is buried upon complex formation at this site, i.e. a total of 1300 Å 2 of surface area is lost from the two components on complex formation. This interaction involves 13 residues from the κ-chain. Ten of these are within the framework region and the other three lie outside the hypervariable loops, thus not affecting antigen binding [26] . The complex at this site is stabilized by six hydrogen bonds; three lie between main chain atoms on β-strand 2 of PpL and the first β-strand of the V L domain to form a β-zipper. Two others involve side chains of PpL residues (Tyr-53 and Glu-38) and one is formed between a Fab side chain and a backbone amide group of PpL. This classical binding site has a high affinity for κ I , κ III and κ IV light chains but doesn't bind to κ II or λ chains. The latter is due to sequence differences in κ II and λ chains (e.g. a proline in position 12 of κ II ) that result in a changed backbone conformation that produce steric restrictions to the formation of the β-zipper within the classical binding site. The binding of Ig to this site has been characterized [28] using a number of different techniques including ELISA, fluorimetry (using placed Trp reporter groups on β-strand 2) and isothermal titration calorimetry. It has a K a of approx. 10 7 M −1 [28] , demonstrating that the affinity of the single domain is approx. 100-fold lower than that of the multiple domain native protein.
The binding interactions at the newly identified, nonclassical site primarily involves 14 residues between residues 40 and 71 on the opposite side of PpL, i.e. β-strand 3 and part of the α-helix. The interaction is stabilized by six hydrogen and two salt bridges and a total surface area of 1400 Å 2 is buried when Fab binds to this site on PpL [26] .
Mutations of residues implicated in site 2 (e.g. Y64W or a mutant bearing two substitutions in site 2, D55A/Y64W) have no discernible effect on the stability of the complex. Table 1 shows typical values determined by ELISA. Typical K d values obtained for these mutant proteins with human polyclonal IgG at neutral pH were around 100-200 nM (see Table 1 ), similar to that for the wild-type protein. However, mutations of residues in site 1, such as Y53F and L57H, result in K d values for their complexes with human IgG of approx. 3-6 µM. These studies therefore suggest that despite site 2 having more interactions with Fab than site 1, the affinity of this site is approx. 25-55-fold lower than that at site 1 [26] .
